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Summary
We have recently developed a new technique to objectively identify erythrocyte cohorts of defined age in mouse blood. The technique (termed double in vivo biotinylation, DIB) involves an initial biotinylation of all erythrocytes in circulation, followed after a few days by a second biotinylation, at a lower density, that labels the biotin-negative erythrocytes that have entered since the first biotinylation. The proportions of biotin high , biotin low , and biotin negative erythrocytes are enumerated by flow cytometry. The DIB technique allows us to track age-related changes on erythrocyte cohorts (Protocol A), and to simultaneously identify very young and older erythrocyte populations in the blood (Protocol B). Using this technique, we have reexamined: i) the relationship between age and buoyant density of erythrocytes, ii) erythrocyte destruction through a random removal mechanism, and iii) the expression of phosphatidylserine on aging erythrocytes. We have also used the DIB technique to study age-related changes in the expression of various markers like CD47 and CD147 and green autofluorescence in aging erythrocyte populations. Saxena/Bhardwaj/Sachar/Puri/Khandelwal labeled streptavidin followed by flow cytometry. Figure 1B shows the flow cytometric patterns of biotin labeling on erythrocytes isolated after different steps in the DIB technique. By gating on any category of erythrocytes and using a second or a third staining antibody, it is possible to compare the expression of various markers of interest on the oldest, intermediate and the youngest erythrocyte populations. Furthermore, as the DIB mouse ages, the biotin low cohort of erythrocytes gradually moves from very young to very old part of the spectrum. By analyzing test bleeds from DIB-labeled mice taken at various time points, it is possible to track changes taking place in the biotin low cohort of erythrocytes in blood. We have shown that the biotin label on erythrocytes is very stable and does not change once the cells are labeled [2] . The biotin low cohort of erythrocytes can therefore be followed through at all stages of aging.
Schlüsselwörter
Using the alternative DIB Protocol B, very young and very old erythrocytes in blood circulation can be simultaneously analyzed ( fig. 2A ). In this protocol, mice after the first biotinylation step are rested for 30 days, and the second biotinylation step is then carried out. Mice are killed 10 days after the second biotinylation step. Figure 2B shows that 3 different groups of erythrocytes can be demarcated based on the biotin label. Biotin high erythrocytes represent erythrocytes that are > 40 days old, the biotin low erythrocytes represent 10-to
The Double in vivo Biotinylation Technique
The average life span of mouse erythrocytes is about 60 days [1] . Thus, about 2% of circulating erythrocytes are replenished daily. We have developed a double in vivo biotinylation (DIB) technique as an objective tool for studying erythrocyte aging in the blood circulation [2] [3] [4] [5] . This technique can be used with 2 discreet protocols. Protocol A can be used to track age-related changes in a cohort of erythrocytes released in blood circulation over a defined period -generally 5 days. Principle of this protocol has been depicted in figure 1A . In this protocol, the first biotinylation step, comprising 3 daily intravenous (i.v.) injections of 1 mg BXN (biotin-X-NHS ester), results in biotinylation of all erythrocytes in the circulation. The mouse is then rested for 5 days. Erythrocytes that freshly enter the blood during this period are biotin negative. At this stage a single i.v. injection of 0.6 mg BXN labels the freshly released biotin negative erythrocytes to become biotin low as compared to older biotin high erythrocytes that were labeled in the first biotinylation step. Any time thereafter, blood erythrocytes isolated from a DIB-labeled mouse may be categorized into 3 groups: biotin high (oldest age group), biotin low (defined cohort of erythrocytes released over 5 days) and biotinnegative (youngest erythrocytes). Biotin high , low and negative erythrocytes in blood can be identified by staining with fluorescently issue of relationship between the age of erythrocytes in circulation and their buoyant densities. Mouse erythrocytes were labeled with biotin following Protocol B, which yields a biotinnegative population of erythrocytes that have been less than 10 days in the circulation and biotin high cells that have been > 40 days in the circulation. These DIB-labeled erythrocytes were fractionated on a 5-layered percoll density gradient (PDG) and the proportions of biotin negative and biotin high erythrocytes were determined in each PDG fraction. Table 1 shows the recoveries of young (biotin negative ) and old (biotin high ) erythrocytes in different percoll fractions. These results clearly show that both young and old erythrocytes are present in all fractions and are not restricted to the light and heavy percoll fractions respectively. Further, the peak absolute recoveries of both young and old erythrocytes occur in fraction 5. Young/old erythrocyte ratios, however, decrease from the lightest to the heaviest fractions. Although fractions 1 and 2 have young/old ratio of 14.33 and 21.98, respectively, indicating a considerable enrichment of young erythrocytes, these 2 fractions accounted of less than 3% of the total combined erythrocyte recovery in the 6 percoll fractions. Our results thus clearly show that, while the lightest percoll fractions are significantly enriched in young erythro-40-day-old erythrocytes and the biotin negative group are young erythrocytes of less than 10 days of age. Thus, Protocol B can be used to distinguish the youngest and oldest erythrocytes in the circulation.
Relationship between Aging and Buoyant Density of Blood Erythrocytes
Many earlier studies focused on determining age-related changes in circulating erythrocytes [6] [7] [8] [9] . Through studies involving buoyant density-based separation of Fe59-labeled human erythrocytes, Borun et al. [10] suggested that the buoyant density of erythrocytes increases as a function of age. This idea caught on and was supported by many subsequent reports [11] [12] [13] . Today, however, this idea is controversial and doubts have been raised about the validity of a correlation between the buoyant density of erythrocytes and their age [14, 15] . The properties of high-and low-buoyant density fractions of blood erythrocytes have often been ascribed to old and young erythrocytes respectively. Since our DIB technique can be used to objectively identify the old and young erythrocytes in blood circulation, this technique was used to revisit the Fig. 2. Protocol B 
Random Elimination of Erythrocytes versus Elimination of Aged Erythrocytes in Blood Circulation
The average life span of erythrocytes in circulation is about 60 days in mice [1] and 120 days in humans. It is, however, not clear if mouse erythrocytes gradually age in mouse blood and are removed from the circulation after about 60 days or whether the removal of erythrocytes is random, with the length of time in the circulation not playing much role in their removal.
cytes, young erythrocytes in these fractions do not represent the whole young erythrocyte population as more than 97% of the young erythrocytes are present in heavier fractions. Similarly, old erythrocytes are not significantly enriched in heaviest fractions (young/old ratios 0.48 and 0.65, Mouse erythrocytes were biotinylated as per Protocol B and fractionated on a Discontinuous PDG with five layers of densities .,0650 ± 0.004, 1.0711± 0.006, 1.0782 ± 0.008, 1.0858 ± 0.004 and 1.0883 ± 0.003 g/ml prepared as described before [19] . Erythrocytes in different buoyant density fractions were stained with streptavidin-APC followed by flow cytometric analysis. Young and old popuations of erythrocytes (biotin high and biotin negative , respectively) were enumerated flow cytometrically. Each value represents the mean ± SEM of data from 4 mice. 
Aging of Erythrocytes and Susceptibility to Carbon Nanotubes
We have recently shown that the administration of poly-dispersed single-walled carbon nanotubes (SWCNTs) induces transient anemia in mice [16] . DIB mice were used to assess the relative susceptibility of young and old erythrocytes to SWCNTs. Mice subjected to DIB Protocol B were administered SWCNTs and the kinetics of changes in the relative proportions of young (age < 10 days) and old (age > 40 days) in the blood circulation was assessed. Results shown in figure 4 indicate that immediately after the administration of SWCNTs, the proportion of old erythrocytes in the blood decreased, while that of young erythrocytes increased. Old erythrocytes thus appear to be more susceptible to SWCNTs. It should be noted that at each time point, the relative change in all 3 erythrocyte populations is shown taking the control proportion of these populations as 100 in each case. A change in 1 population would alter the proportion of other populations in the blood circulation. A relative increase in the proportion of young erythrocytes could be a passive reflection of a decline in the old erythrocyte population. It is also possible that the increase in the relative proportion of young erythrocytes could represent a homeostatic response to anemia.
Using the DIB technique, we looked at whether the removal of erythrocytes in mouse blood represents random removal, or specific removal of only old erythrocytes. In mice that had been DIB labeled using Protocol A, the biotin low population denotes a population that has been released into blood over a 5-day period. The aging of this cohort of erythrocytes could be tracked and enumerated using flow cytometry. Combined data from 14 mice for the biotin low cohort in relation to the aging process are summarized in figure 3 . These results show that over the first 10 days in the circulation, the biotin low erythrocyte cohort does not decrease in number, indicating that they are not killed in the blood circulation. From days 10 to 40, the cohort decreases in number at a rate of 1.2% per day. After day 40, the rate of decrease in the aging erythrocyte cohort increases to about 2.8% per day.
These results can be interpreted as follows: i) From 0 to 10 days after their release in the blood, erythrocytes are not lost, indicating that there is no random removal for this group of erythrocytes; ii) although between 10 and 40 days the erythrocytes have not yet reached their peak age (about 50 days), this group of erythrocytes is eliminated at a relatively low rate of 1.2% per day, indicating that in this age group, random loss of erythrocytes does occur; and iii) for erythrocytes above 40 days of age, the loss of biotin low cohort increases to about 2.8% per day. The higher rate of death in this age group of erythrocytes may be due to a higher amount of damage that accumulates with the advancing age of cells. Saxena/Bhardwaj/Sachar/Puri/Khandelwal rescence of aged erythrocytes overlaps with the emission spectrum of fluorescein isothiocyanate (FITC). As a result, using an antibody marker to study erythrocyte aging may give erroneous results if FITC-tagged monoclonal antibodies are used. In an earlier report, enhanced PS externalization was demonstrated on aged populations of erythrocytes using FITC-tagged annexin [4] . Although we could reproduce these results, we found that if phycoerythrin (PE)-tagged annexin was used to detect PS, no change in PS expression was found on aged erythrocytes [19] .
We have also used DIB Protocol A to track changes in the expression of some important phenotypic markers like CD47 and CD147 on aging erythrocyte cohorts [2] [3] [4] . We have employed the DIB technique to study the alterations in aging pattern of circulating erythrocytes in mice subjected to different types of stress and certain infections. This work is in progress.
Conclusion
Our DIB technique, developed to study erythrocyte aging in vivo, provides an objective tool for identifying and analyzing erythrocyte cohorts of defined age. Using this technique we have found no clear link between the age of erythrocytes and their buoyant density. Loss of erythrocytes from the circulation occurs by both random erythrocyte elimination mechanisms and preferential removal of aged erythrocyte populations; random removal is more pronounced during the earlier phase of erythrocyte presence in blood. No age-related increase in PS was seen in aged erythrocytes, but a spontaneous increase in green autofluorescence was detected on aged erythrocyte cohorts.
Role of Phosphatidylserine Externalization in Elimination of Aged Erythrocytes in Circulation
Phosphatidylserine (PS) normally expressed on the inner leaf of the lipid bilayer membrane of cells, flips to outer leaf in cells that enter the apoptotic cycle. PS externalization has been suggested as a factor in the elimination of aged erythrocytes. We examined this by tracking changes in PS expression on erythrocyte cohorts as they aged in the blood circulation. Erythrocytes were biotinylated according to DIB Protocol A, and the kinetics of the changes in PS expression in an aging cohort was followed on biotin low erythrocyte population over 50 days. At the earliest time point (2 days), 4% of the erythrocytes were PS positive, but at all later time points, PS expression was negligible (results not shown). Thus, we found no sign of enhanced PS expression on old erythrocytes. It is possible that PS-positive cells were not seen because they were immediately eliminated by phagocytosis by the reticuloendothelial cells. This, however, appears unlikely because no age-dependent increase in PS-positive erythrocytes was seen even in mice depleted of macrophages by the administration of clodronate [3] . We have previously provided evidence for the elimination of erythrocytes through mechanisms other than phagocytosis [17, 18] . The role of such mechanisms needs further investigation.
Changes in Erythrocyte Autofluorescence with Age
Using DIB Protocol A, we detected a significant age-dependent increase in green autofluorescence of erythrocytes ( fig. 5 ). This has important implications for studies of erythrocyte aging using flow cytometric techniques because the autofluo- 
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